The spectral broadening of the pump pulse through self phase modulation in a time domain distributed Brillouin sensor is demonstrated to have a non-negligible detrimental effect, leading to a doubling of the effective gain linewidth after some 20 km in standard conditions. The theoretical modeling is fully confirmed by experimental results.
INTRODUCTION
For at least two decades Brillouin fibre sensors have attracted a great interest in the fibre sensing community for their temperature and strain monitoring capability 1,2,3 supporting a pluridisciplinary field of application (civil engineering, oil & gas industry, security border parameter and intrusion detection). While improving the spatial resolution of these sensors has attracted most of the research effort 4 , the detection range is also a key parameter that must be as long as possible. In time-domain distributed Brillouin sensors pulses are used to interrogate the local interaction in the fibre. The accuracy on the measurand is scaled by the spectral spreading of the effective gain, which at its turn is given by the convolution between the pulse spectrum and the natural Brillouin gain spectrum (BGS). According to standard time-bandwidth relations, the Gaussian pulse is presumably the best candidate for this interrogation when compared to other profiles (rectangular, triangular, etc...). However, we show here that this is not the best choice when addressing long-ranges, because this pulse shape leads to a significant spectral broadening of the BGS along the fibre.
An observed broadening of the BGS was suspected to be caused by self phase modulation (SPM) in an early work by Lecoeuche et al 6 . SPM leads to small phase chirps during intensity transitions in the pump pulse (leading and trailing edges) that eventually become important in long fibres. The frequency broadening associated with this phase modulation leads to a reduced peak gain and uncertainties in the determination of the Brillouin shift ν B , but leaves the temporal distribution of the pump pulse unchanged and hence the spatial resolution is preserved. While the former 6, 7 works showed a correct intuition addressing qualitatively the issue, we present here a quantitative model of the detrimental impact of SPM supported by a clear experimental demonstration. Three optical pulse temporal profiles were judiciously chosen (rectangular, triangular and Gaussian) showing the same FWHM width and carrying the same energy, to evenly study and compare the SPM impact on their spectrum. Then we clearly experimentally demonstrate the spectral broadening of the BGS due to SPM in a Brillouin distributed sensor in various conditions in terms of pump pulse temporal profiles, power and width.
THEORY
SPM is a nonlinear effect which is observed in an intense time-dependent fast optical signal as it travels through an optical fibre, and is a consequence of the nonlinear response of the medium polarization that results in an intensitydependent refractive index. It leads an optical pulse to modulate its own optical phase according to its intensity profile, since the pulse will create a time-dependent refractive index variation, higher for larger intensities, leading to a timedependent nonlinear phase shift NL φ that translates into variations of the instantaneous frequency (frequency chirp). Let us consider the propagation of an optical pulse through a fibre characterized by a nonlinear refractive index 0 2 ( ) ( ) n t n n I t = + . After propagation over a distance z, the optical pulse accumulates an additional nonlinear phase 8 due
to the intensity-dependent part 2 ( ) ( ) n t n I t Δ = of the refractive index which creates a variation in its instantaneous frequency:
Eq. 1 clearly shows that SPM will have more impact on fast signals constantly showing temporal transitions, with no interval showing a constant intensity. For our study we have chosen three different temporal profiles showing the same width (to secure equal spatial resolutions) and the same energy (to secure equal gain) to make even comparisons: rectangular offering constant intensity intervals only, triangular and Gaussian for which the intensity temporal profile varies constantly. Since the intensity is constant at any time for the rectangular profile (assuming instantaneous transitions), ( ) 0 t ω Δ = and no pulse spectral broadening should therefore be observed. The situation will be drastically different in the two other cases showing uniquely time transitions. Since it can be entirely described analytically, let consider a pulse with a Gaussian envelope (Fig. 1a) ,
, with a 1 e width τ in amplitude corresponding to a power FWHM width 2ln 2
The instantaneous frequency variation of the Gaussian pulse due to SPM can be written as:
where ω is the central angular frequency of the optical pulse, I o and P are, respectively, the peak intensity and peak power of the optical pulse, A eff is the effective area of the fibre mode and 
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offset by max 8ln 2 T τ = from the pulse centre and, as scale factor, gives a good estimate of the real spectral broadening. The real frequency spectrum of the Gaussian pulse after SPM is given by the Fourier transform of the output pulse amplitude given by the following expression: 
where the time origin is always placed at the pulse centre during the propagation. 
EXPERIMENTAL DEMONSTRATION

Experimental implementation
The experimental configuration, shown in Fig.  3 , is based on a minor adaptation of the high performance pump and probe set-up described in 9 . A 1552 nm DFB laser is used as the light source. The output of the laser diode is split into two distinct channels to allow both the pump and signal waves to be derived from the same optical source 10, 11 . The signal is generated in the upper channel, where an integrated electro-optic intensity modulator, driven by a microwave signal, creates sidebands in a suppressed carrier configuration, which are launched into one end of the sensing fibre. The lower channel is connected to the opposite end of the sensing fibre in which the laser light, periodically modulated by an intensity modulator to produce pump pulses, is launched. An arbitrary waveform generator is computer-controlled to deliver different pulse temporal profiles which are then applied to the intensity modulator, resulting in 30 ns FWHM optical pulse duration corresponding to 3 m spatial resolution. This duration was carefully chosen for a better demonstration as a trade-off between temporal transitions fast enough to show the SPM effect and long enough to keep the original spectrum sufficiently narrow to avoid an excessive broadening of the effective Brillouin gain spectrum. The output light is controlled by a polarization controller to best align pump and signal polarizations to maximize the SBS interaction, and then boosted by a high power EDFA. The Brillouin gain spectrum is determined by scanning the microwave generator frequency around the Brillouin shift ν B . The net Brillouin gain is then measured by detecting the optical signal using a DC-125 MHz photoreceiver, which is then acquired by a digital oscilloscope synchronously triggered by the arbitrary waveform generator.
Experimental results
The experimental study of the SPM impact on Brillouin sensors has been carried out through a 25 km SMF fibre using the above described BOTDA system. The distributed nature of the measurements makes possible to retrieve the effective Brillouin gain spectrum at any position along the fibre, and thus to observe the gradual impact of SPM. Fig. 4a shows the effective gain linewidth along the fibre using a 30 ns FWHM Gaussian pulse for increasing pump peak power from 125.8 mW to 344.7 mW, showing the evidence of the gain spectral broadening due to SPM along the fibre. Fig. 4b represents the effective gain linewidth of the fibre using 30 ns FWHM rectangular and Gaussian pulse of identical energy (267.6 mW Gaussian peak power). It can be observed that the gain spectral width is doubled after 25 km for a Gaussian pulse, while it remains unchanged for the rectangular pulse. The benefit of a better timebandwidth product using the Gaussian pulse turns out to be entirely cancelled by SPM after less than 10 km. represents comparative measurements of the gain spectral width measured for a Gaussian pulse at the fibre input (black curve) and output (gray curve), respectively, for different peak powers, demonstrating the clear signature of SPM by the absence of effect at short distance and through the linear dependence on power at long distances. As shown in Fig. 5b the effective Brillouin gain linewidth varies in inverse proportion to the optical pulse duration T at both the fibre input and output, but with a different slope. While a natural excess broadening is present as a result of the pump spectral spreading for shorter pulses, illustrated by slope of the 1/T dependence at the fibre input (black curve), SPM modulation induces an extra broadening with the same 1/T dependence that results in a larger slope (gray curve) that turns gradually steeper for longer effective length.
CONCLUSION
We have demonstrated that SPM-induced spectral broadening can have a significant effect on the effective gain linewidth measured by Brillouin sensors. Modeling and experiments have undoubtedly demonstrated that the effective gain linewidth can easily experience a two-fold increase in standard conditions when the pulse intensity profile constantly shows temporal variations like in the triangular and Gaussian cases. At power and spatial resolutions used in standard configurations, spectral broadening can be observed typically from a 5 km distance. Practically the problem can be circumvented by using a very clean rectangular pulse with very sharp rising and falling edges. The benefit of a narrower spectrum for an identical pulse width brought by the Gaussian pulse is rapidly cancelled after about 10 km.
